MgtC is a virulence factor of unknown function important for survival inside macrophages in several intracellular
M
gtC is a virulence factor common to several intracellular pathogens (2) . MgtC was first described for Salmonella enterica serovar Typhimurium, where it is required for intramacrophage multiplication and long-term systemic infection in mice (3, 23, 36) . Later, it was described as a critical factor for the intramacrophage growth of Mycobacterium tuberculosis, Brucella suis, Yersinia pestis, Burkholderia cenocepacia, and Salmonella enterica serovar Typhi (5, 12, 22, 24, 31) .
Despite its importance in virulence of various bacterial pathogens, the biochemical function of MgtC, which is a membraneassociated protein, remains unknown, and members of the MgtC family show only low homology to proteins of known function. MgtC has been involved in adaptation to low-Mg 2ϩ environments in liquid culture media in the various pathogens mentioned above: the growth of mgtC mutants is impaired when the Mg 2ϩ concentration is low (2) . The role of MgtC in adaptation to Mg 2ϩ limitation has suggested that MgtC plays a role in Mg 2ϩ uptake. Moreover, a role for MgtC in Mg 2ϩ homeostasis is supported by the fact that expression of the mgtC gene is highly induced by deprivation of the external Mg 2ϩ concentration in S. Typhimurium and Y. pestis (10, 41) . Studies carried out with the Salmonella protein demonstrated that MgtC is not a Mg 2ϩ transporter (15, 26) and led to alternative hypothesis. It was proposed that MgtC might act by sequestering Mg 2ϩ and/or by facilitating transport by specific transporters. An indirect role in Mg 2ϩ transport is strengthened by the fact that the mgtC gene is adjacent to mgtB, a gene encoding a P-type ATPase Mg 2ϩ transporter, in several bacterial species, such as S. Typhimurium, Y. pestis, and B. suis (4, 35) . In addition, heterologous expression of Salmonella MgtC in xenopus oocytes can activate the host Na ϩ K ϩ -P-ATPase (15) . To reconcile all these data, we have proposed that MgtC might promote the activity of P-type ATPases, such as Mg 2ϩ transporters or other cation transporters (2) .
Alignment of the superfamily of MgtC proteins, as well as the hydrophobicity pattern, clearly defines two domains: a hydrophobic N-terminal part of the protein (of approximately 130 amino acids), and a soluble C-terminal part of the protein (of approximately 100 amino acids) (4) . Surprisingly, whereas the N-terminal domain is well conserved in sequence, the C-terminal domain is highly variable within the MgtC superfamily (4) . However, the sequence conservation of the C-terminal domain is stronger in a subfamily that includes MgtC proteins from intracellular pathogens (4) . This particular evolution among MgtC proteins and the rapid divergence of the C-terminal domain may account for either a functional adaptation (to various environmental conditions) or a structural instability allowing unrestrained sequence evolution. To determine whether the C-terminal domain is folded and functional, we engaged in the biophysical characterization of the Cterminal region of the MgtC protein from M. tuberculosis. Phylogenetic analysis of MgtC proteins shows that the M. tuberculosis MgtC protein actually clustered in the subgroup of proteins that includes the S. Typhimurium protein as well as other proteins from pathogens that share the ability to survive in macrophages (4), being a good representative of this subfamily. First, we have examined the expression of the M. tuberculosis MgtC protein in the presence or absence of Mg 2ϩ to gain insights into MgtC regulation in M. tuberculosis and provide a comparison with the regulation of other intracellular pathogens. We have solved the solution structure of the M. tuberculosis MgtC C-terminal domain using multidimensional nuclear magnetic resonance (NMR) spectroscopy. Our structural analyses show that the C-terminal domain of M. tuberculosis MgtC consists of a monomeric ACT domain that does not bind Mg 2ϩ . These results suggest a more subtle regulatory role of the C-terminal domain in the functioning of the whole MgtC protein.
MATERIALS AND METHODS
Bacterial strains and growth conditions. Strains used for cloning and expression of recombinant protein were Escherichia coli DH5␣ and M15/ pRep4 (Qiagen). E. coli strains were grown in LB medium supplemented with suitable antibiotics (ampicillin, 100 g/ml; kanamycin, 25 g/ml) at 37°C. The M. tuberculosis mc 2 7000 strain (32) was routinely grown in Sauton's medium containing 0.025% tyloxapol (Sigma), supplemented with 24 g/ml pantothenate. To monitor the effect of Mg 2ϩ on MgtC expression, two flasks of 10 ml of M. tuberculosis culture were grown until the optical density at 600 nm (OD 600 ) equaled 0.2. Bacteria were centrifuged for 5 min at 4,000 rpm and resuspended in 10 ml modified Sauton medium supplemented with 150 M Mg 2ϩ or without added Mg 2ϩ . After 48 h, 5 ml of bacteria were treated for RNA extraction and 5 ml were treated for bacterial lysate.
RT-PCR and q-RT-PCR. RNA was prepared from 5 ml of mid-logarithmic-phase bacterial cultures. Bacteria were harvested, resuspended in 1 ml of RNA protect reagent (Qiagen), and incubated for 1 h at room temperature. Bacteria were centrifuged and resuspended in 1 ml of RLT buffer from the RNeasy kit (Qiagen), transferred in a lysing matrix B tube (MP Bio), and disrupted with a bead beater apparatus (3 times, 45 s, maximal speed). RNA was purified with the RNeasy kit according to the manufacturer's instructions. DNA was further removed using DNase I (Invitrogen). RNA integrity was analyzed on a 2100 bioanalyzer; Agilent). cDNA was produced using Superscript III reverse transcriptase (Invitrogen). Controls without reverse transcriptase were done for each RNA sample to rule out DNA contamination. Reverse transcription-PCR (RT-PCR) was carried out with the GoldStar mix (Eurogentec), and denaturation was followed by 24 (sigA), 25 (rv1811), or 26 (rv1806) cycles of 95°C for 30 s, 50°C for 30 s, and 72°C for 30 s. Quantitative real-time PCR (q-RT-PCR) was performed using an in-house SYBR green mix and a 480 LightCycler instrument (Roche). PCR conditions were as follows: 3 min of denaturation at 98°C, and 45 cycles of 98°C for 5 s, 70°C for 10 s, and 72°C for 10 s. The sigA gene was used as an internal control.
Preparation of bacterial lysates and Western blot analysis. Five milliliters of bacterial culture was harvested, resuspended in 500 l of phosphate-buffered saline (PBS), and disrupted using a bead beater (Retsch). The protein concentration was determined on total lysates using the bicinchoninic acid (BCA) protein assay reagent kit (Pierce). Expression of MgtC was investigated by Western blotting following migration of the crude extracts. Bacterial lysates equivalent to 40 g of total proteins were separated by electrophoresis on a 15% SDS-PAGE gel, transferred to a membrane, probed with rabbit anti-MgtC antibodies (1:500 dilution), and subsequently incubated with antirabbit antibodies conjugated to alkaline phosphatase (1:7,000 dilution; Promega). An unrelated membrane protein, OmpATb, was used as a control and probed with rabbit antiOmpATb antibodies (1:6,000 dilution) (37) .
Purification of MgtC and production of polyclonal antiserum. The region encoding the C-terminal domain of M. tuberculosis MgtC (amino acids 141 to 234; MgtC_Cter) was cloned into the expression vector pQE30 (Qiagen) to produce a recombinant protein with an N-terminal His tag. A PCR fragment was amplified using the Cter-Mtb-Bam-Fn and Cter-Mtb-Hind-Rn primers on H37Rv chromosomal DNA and cloned at the BamHI and HindIII sites of pQE30. The resulting plasmid, pQE30-MgtC-Cter, was transformed into the M15/pRep4 strain for protein production.
E coli M15/pREp4/pQE30-MgtC-Cter was grown to an OD 600 of 0.6. Isopropyl-␤-D-thiogalactopyranoside (IPTG) was added to a final concentration of 1 mM, and growth was continued at 37°C for 4 h. Cells were resuspended in phosphate buffer (20 mM NaPO 4 [pH 7.4], 200 mM NaCl, and 2 mM dithiothreitol [DTT]) with 100 mM imidazole. After sonication, the supernatant was loaded onto Ni 2ϩ -nitrilotriacetic acid (NTA) agarose beads. After washing, the His-tagged MgtC_Cter protein was eluted with phosphate buffer containing 300 mM imidazole and then dialyzed in phosphate buffer. All steps were carried out at 4°C.
To produce a polyclonal antiserum against M. tuberculosis MgtC, two rabbits were immunized subcutaneously with 130 l of recombinant MgtC (625 g/ml in phosphate-buffered saline) in Freund's incomplete adjuvant (1:1 [vol/vol] ). Similar booster injections were given at 14 and 28 days. Test bleeds were performed 7 days after each immunization, and the sera were checked for reactivity with M. tuberculosis MgtC. Animals were bled out, and sera were prepared 21 days after the last booster immunization.
NMR analysis. All NMR experiments were carried out at 27°C on a Bruker Avance III 700 spectrometer equipped with a 5-mm z-gradient TCI CryoProbe instrument, using the standard pulse sequences (33 13 C] NOE spectroscopy (NOESY)-heteronuclear single quantum coherence (HSQC) were converted into interproton distances: 2.4 Å, 2.8 Å, 3.6 Å,4.4 Å and 5.0 Å, corresponding to very strong, strong, medium, weak and very weak intensities, respectively. Backbone (⌽ and ⌿) torsion angle constraints were obtained from a database search procedure on the basis of backbone ( 15 N, HN, 13 C=, 13 C␣, H␣, and 13 C␤) chemical shifts using the software program TALOS (9). Hydrogen bond restraints were derived using standard criteria on the basis of the amide 1 H/ 2 H exchange experiments and NOE data. When identified, the hydrogen bond was enforced using the following restraints: ranges of 1.8 to 2.3 Å for d(N-H,O), and 2.7 to 3.3 Å for d(N,O). The final list of restraints (from which values redundant with the covalent geometry have been eliminated) for 200 structures was calculated using the software program CYANA-2.1 (14) . The 30 best structures (based on the final target penalty function values) were minimized using CNS 1.2 software according to the RECOORD procedure (27) . The final 15 structures of lowest energies were analyzed using the software program PROCHECK (21) . Root mean square (RMS) deviations were calculated using the software program MOLMOL (19) . All statistics are given in Table 1 .
Bacterial two-hybrid analysis. The bacterial adenylate cyclase twohybrid (BACTH) system (17) was used to evaluate M. tuberculosis MgtC dimerization. The mgtC (rv1811) gene was PCR amplified using H37Rv chromosomal DNA as the template and the primers MgtC-Mtb-Hind-F and MgtC-Mtb-Eco-R. The PCR fragment was cloned at the HindIII and EcoRI sites of the pUT18 vector to produce a fusion protein, MgtC-T18, and at those of the pKNT25 vector to produce the fusion protein MgtC-T25. Deletion of the N-terminal (amino acids 1 to 140) or C-terminal (amino acids 141 to 234) part was carried out by PCR amplification with primers flanking the region to be deleted (Table 2) . Amplified fragments were phosphorylated and self-ligated. The two membrane proteins MalF and MalG were used as controls.
Recombinant plasmids derived from pUT18 and pKNT25 genes were cotransformed into BTH101 bacteria. Transformants were plated on LB Amp Kan 5-bromo-4-chloro-3-indolyl-␤-D-galactopyranoside (X-Gal) (50 g/ml) medium at 30°C for 30 h. To quantify the interaction between hybrid proteins, bacteria were grown overnight at 30°C in NCE Amp Kan liquid medium supplemented with 0.1% Casamino Acids, 38 mM glycerol, 0.5 mM IPTG, and 10 M or 10 mM Mg 2ϩ (30) . The assays were carried out as described previously (25) , with activities expressed in arbitrary Miller units. Values are averages from at least four independent cultures. A level of ␤-galactosidase activity at least 5-fold higher than that measured for vectors indicates an interaction (18) .
RESULTS
The levels of M. tuberculosis MgtC are similar under low-and high-Mg 2؉ growth conditions. In M. tuberculosis, MgtC has been involved in the adaptation to the low-Mg 2ϩ environment, because the growth of an mgtC mutant is impaired in liquid medium deprived of Mg 2ϩ (5) . However, the mgtC gene (rv1811) has not been considered to be significantly induced by Mg 2ϩ deprivation in a microarray analysis, whereas genes immediately upstream of M. tuberculosis mgtC (rv1806 through rv1810) were found to be clearly upregulated following Mg 2ϩ deprivation (38) . To reinvestigate the effect of Mg 2ϩ on M. tuberculosis mgtC expression and extend the study to expression of the M. tuberculosis MgtC protein, M. tuberculosis mc 2 7000 was grown in Sauton medium with or without Mg 2ϩ . RNA extraction and bacterial lysates were assayed to monitor both mgtC gene and MgtC protein expression.
RT-PCR indicated that, as previously reported, rv1806 was highly induced by Mg 2ϩ deprivation (Fig. 1A) while the M. tuberculosis mgtC gene appears to be transcribed both with and without Mg 2ϩ , with a higher rate in low Mg 2ϩ . The control gene, sigA, was similarly transcribed under both conditions. Quantitative RT-PCR (Fig. 1B) confirmed that M. tuberculosis mgtC is slightly induced under low-Mg 2ϩ conditions (1.6-fold), which is consistent with previous microarray data (38) . Despite this moderate difference in the mRNA level, we failed to detect any difference in the amount of M. tuberculosis MgtC from cultures grown with or without Mg 2ϩ as shown by Western blot analysis of crude bacterial extract using specific anti-MgtC antibodies (Fig. 1C) . Taken together, the results indicate that Mg 2ϩ does not significantly affect MgtC expression in M. tuberculosis.
The C-terminal domain of M. tuberculosis MgtC is an ACT domain. On the one hand, the hydrophobic N-terminal part of MgtC is well conserved in MgtC proteins from intracellular pathogens (about 56% identity and 73% similarity) and is also well conserved in proteins distantly related to MgtC (here called MgtC-like), which are not true orthologs based on complementation studies (such as the E. coli YhiD protein or Y. pestis YPO2332; about 40% identity and 62% similarity) (4, 30) . On the other hand, the C-terminal domain sequence is much more variable within the MgtC proteins from intracellular pathogens (down to 20% identity and 43% similarity) and is not conserved in distantly related MgtC-like proteins. To investigate whether this loosely conserved domain is properly folded and stable, we engaged in the characterization of the C-terminal domain of mycobacterial MgtC by means of NMR.
The soluble C-terminal region of the M. tuberculosis MgtC protein (93 amino acids) has been overexpressed in E. coli and then purified as a monomeric protein according to analytical gel filtration analysis. The assigned [ 1 H, 15 N] HSQC spectrum of MgtC_Cter is shown in Fig. 2A . By combining the information from the double-and triple-resonance heteronuclear experiments, we were able to assign 100% of the amide group resonances for the nonproline residues (5 prolines), 98% of the other backbone resonances (C␣, C=, and H␣), 94% of the C␤ resonances, and 99% of CYANA calculations performed for the C-terminal domain of MgtC revealed a ␤␣␤␤␣␤ motif with two ␣-helices on one side of a four-strand antiparallel ␤-sheet (Fig. 2B) . The surface is mostly occupied by polar residues, and no particular patch (either charged or hydrophobic) is detected. The alignment of five known functional MgtC orthologs revealed only seven strictly conserved residues scattered along the whole sequence of the soluble C-terminal domain (Fig. 3A) . Four conserved residues (corresponding to positions C155, E160, E208, and W225 in M. tuberculosis MgtC) were mutated during a previous analysis carried out with the S. Typhimurium MgtC protein, and two of them led to a loss of function when converted to alanine (Fig. 3A) (30) . Despite the low level of amino acid conservation, sequence-structure comparison suggests a very good structural conservation among all five MgtC orthologs. A large hydrophobic core is conserved, including two strictly conserved residues (C155 and A195 in M. tuberculosis MgtC) that appear fully buried in the structure (Fig. 2B) . In addition, two other conserved residues of opposite charge, E160 and R164, form a salt bridge at the surface of the first ␣-helix. With the buried but nearby cysteine (C155), these two polar residues form a conserved patch on one side of the protein (Fig. 2B) . On the opposite side of the protein, a small cluster of strictly conserved residues is formed by Y149, E208, and W225. These residues point toward the solvent at the surface of the helix ␣2 and the strand ␤4. They might form a small binding site for an unknown ligand or partner. However, the lack of a sufficiently large and well-conserved patch paved with well-conserved residues argues against the tight recognition of a common and small partner. Furthermore, previous site-directed mutagenesis carried out with the S. Typhimurium MgtC protein indicated that a mutation of the conserved tryptophan (corresponding to W225 in M. tuberculosis MgtC) to alanine abolished the function whereas a conservative mutation to phenylalanine had no effect on the function (30) . This result supports a structural role of the conserved tryptophan rather than a role in ligand interaction.
To gain new insight into the possible structure-function relationship, the new structure was compared to already-known structures using the DALI (16) and FATCAT (40) servers. The M. tuberculosis MgtC_Cter structure showed significant similarities to ACT (aspartokinase, chorismate mutase, and TyrA) domains from various enzymes (e.g., SerA; PDB 1PSD) (Fig. 4B) , as well as that from the nickel-binding regulator NikR (PDB 3LGH) (Fig.  4A) . ACT domains are small regulatory domains commonly in- tuberculosis, B. melitensis, B . cenocepacia, Y. pestis, and S. Typhimurium). Sequences were aligned manually, and the figure was drawn using the software program ESPript (11) . Secondary structures were computed using the NMR structure of M. tuberculosis MgtC-Cter (this study). Four conserved residues that have been mutated to alanine during a previous analysis carried out with the S. Typhimurium MgtC protein (30) .fr/TubercuList/). Sequences were aligned using the software program ViTO (6) . We took advantage of the NMR structure of Rv1811 and the crystal structures available for Rv2996c (PDB 3DDN). For the other ACT domains, we modeled the 3D structure using close homologs detected with the server @TOME-2 (28) to help the refinement of our sequence-structure alignment. The figure was drawn using the program ESPript (11) . The stars indicate the best-conserved residues that belong to the amino acid binding site of ACT domains. The positions buried by the dimerization of the ACT domain of NikR or of SerA (shown by up and down triangles, respectively) are highlighted in the alignment. Three residues building up the amino acid binding site and the bound serine are shown as sticks. These residues are conserved in the amino acid binding site of ACT domains but are absent in members of the MgtC family and NikR (see Fig. 3 ). Two additional residues (H344 and N364; not as well conserved in M. tuberculosis MgtC) contacting the serine ligand through hydrogen-bound are not shown for clarity. The figure was prepared using the program Pymol (http://www.pymol.org).
volved in specifically binding amino acids or other small ligands (13) . M. tuberculosis MgtC_Cter is also distantly related to other small modules adopting the same topology (␤␣␤␤␣␤), such as RRM (RNA recognition motif) and HMA (heavy metal-associated), which are involved in nucleic acid and metal binding, respectively (8) . However, MgtC_Cter is more closely related in sequence and structure to the ACT domains than the RRM or HMA domains, since RRM and HMA are not found in the first hits by sequence-structure or structure-structure comparisons. Furthermore, MgtC lacks the motifs involved in RNA or metal binding that are found in RRM and HMA domains. Within the ACT family, the structure-structure comparison suggested a slightly better similarity to the ACT domain associated with ppGpp metabolism, since the closest structural homologue (PDB 2KO1; root mean square deviation [RMSD] ϭ 1.9 Å) is the ACT domain from GTP pyrophosphokinase of Chlorobium tepidum (sequence identity, 18% for 77 residues). This protein is also detected as the most closely related using fold recognition (HHsearch E value and P value of 0.29 and 1.2EϪ05, respectively) and possesses a mycobacterial ortholog (Rv2583c). Other ACT domains are also detected with marginally weaker similarities, such as the small regulatory domains of the acetolactate synthase and the homoserine dehydrogenase (mycobacterial orthologs: Rv3002c and Rv1294, respectively) (Fig. 3B) . Taken together, these results clearly classify the C terminus of M. tuberculosis MgtC as an ACT domain.
The ACT domain of the MgtC protein diverges from the classical small molecule binding ACT domains. ACT domains have been mainly involved in the binding of amino acids and in the regulation of amino acid metabolism (13) . The knowledge of the M. tuberculosis MgtC_Cter high-resolution structure allows perfect sequence-structure alignment with representatives of the ACT domains solved in complex with an amino acid (as illustrated by SerA in Fig. 4B ) (34) . The ACT domain of M. tuberculosis MgtC appeared highly divergent from other ACT modules in the region involved in amino acid binding at the turn between the first ␤-strand and the first ␣-helix (residues 155 to 160 in M. tuberculosis MgtC) (13) . This can be illustrated by comparing MgtC_Cter with canonical ACT domains present in other mycobacterial proteins (Fig. 3B) . First, a two-residue insertion is present in the conserved motif in the loop connecting the first ␤-strand and the first ␣-helix, and second, and a tyrosine (Y162) is found instead of a conserved glycine residue known to be critical for amino acid binding (13) . In addition, the C-terminus segment involved in the recognition of the amino acid of canonical ACT domains is apparently not conserved in Rv1811. Hence, the amino acid binding pocket in the M. tuberculosis MgtC ACT domain is likely abolished or totally reshaped by several substitutions and a two-residue insertion (Fig. 3B) .
A few ACT domains have been proposed to bind other small ligands, such as thiamine (YkoF ACT domain) and cations (NikR ACT domain) (13) . Again, the histidine and cysteine residues involved in nickel chelation in NikR are absent in MgtC_Cter (Fig.  3B and 4A) (39) . Due to the phenotypic connections of MgtC proteins with Mg 2ϩ uptake, magnesium was a suitable candidate as a small binding molecule for the MgtC_Cter ACT domain, and its binding was tested by NMR. No chemical shift was observed upon Mg 2ϩ addition (up to 20 mM) in MgtC_Cter (50 M) or after EDTA treatment (5 mM), suggesting that MgtC_Cter does not bind Mg 2ϩ and that the purified protein had no trace of metal cation attached to it (data not shown).
In conclusion, analysis at the sequence and structure levels argues for the presence of a folded ACT domain in M. tuberculosis MgtC that lacks an amino acid or small solute binding site.
Role of C-terminal domain in dimerization of M. tuberculosis MgtC. The structural comparison of the M. tuberculosis MgtC ACT domain with the classical ACT domains also revealed a striking difference in dimerization ability. Indeed, the dimerization observed in most ACT domains, including NikR and SerA (Fig. 5A and C) is likely to be prevented for the M. tuberculosis MgtC ACT domain by several detrimental substitutions at the potential monomer-monomer interfaces (Fig. 5B and D) . The positions buried by the dimerization of the ACT domain of NikR or of SerA are highlighted in the structural alignment (Fig. 3B) . The small and often hydrophobic residues (mainly Gly, Thr, Val, Ile, and Leu) are replaced by large hydrophilic residues (e.g., Arg, His, and Gln) in M. tuberculosis MgtC. Furthermore, these putative interfaces are lined with residues that are highly variable in nature among the orthologous sequences of MgtC (Fig. 3A) . This sequence-structure analysis is in line with the apparent monomeric nature of M. tuberculosis MgtC_Cter in solution as described above. To further consider a potential role of MgtC_Cter in proteinprotein interaction, we investigated whether this domain could be involved in a potential dimerization of the entire protein. To address this point, we used the bacterial two-hybrid (BACTH) system that has been validated for detecting interactions between inner-membrane proteins in living bacteria (18) . We took advantage of our structural study to derive proper domain boundaries delimiting the transmembrane and cytoplasmic domains. Derivatives of pUT18 and pKNT25 were constructed to fuse the T18 or T25 fragment of adenylate cyclase to M. tuberculosis MgtC. Deletions were carried out on T18 and T25 derivatives to maintain only the N-terminal or C-terminal domain of the MgtC protein (see Materials and Methods) (Fig. 6) . Plasmids encoding the T18 and T25 fusion proteins were introduced in an E. coli cya mutant (BTH101), and functional complementation was determined by measuring ␤-galactosidase activity from strains grown in medium containing 10 M Mg 2ϩ or 10 mM Mg 2ϩ (Fig. 6) . A significant level of ␤-galactosidase activity was observed when BTH101 was cotransformed with the MgtC-T18 and MgtC-T25 plasmids, indicating a dimerization of MgtC under these conditions. The level of ␤-galactosidase activity is similar in medium containing 10 M Mg 2ϩ or 10 mM Mg 2ϩ , suggesting that dimerization is not modulated by Mg 2ϩ . We have used the MalG and MalF proteins as specificity controls (18) to show that M. tuberculosis MgtC does not interact with any membrane protein (Fig. 6) . A basal level of ␤-galactosidase activity, similar to that of the negative control (MgtC-T18/T25), was observed with the T18 and T25 proteins fused to the N-terminal part or the C-terminal part of M. tuberculosis MgtC, indicating that these domains alone do not dimerize (Fig. 6 ). In addition, no interaction was detected with T18 fused to the N-terminal part and T25 fused to the C-terminal part (data not shown). Taken together, these results indicate that the C-terminal domain of M. tuberculosis MgtC does not dimerize, which agrees with the biochemical analyses, but that this domain may promote the dimerization of the entire M. tuberculosis MgtC protein.
DISCUSSION
Despite its importance in the virulence of various bacterial pathogens, the precise function of the MgtC protein remains unknown. Genes encoding MgtC-like proteins are found in a limited number of eubacterial genomes, and phylogenetic analysis suggests that mgtC has been acquired by horizontal gene transfer repeatedly throughout bacterial evolution (4). MgtC-like proteins harbor a conserved hydrophobic N-terminal domain and a divergent soluble C-terminal domain (4) . In the present study, we solved the first high-resolution structure of the cytoplasmic domain of an MgtC family member by determining the NMR structure of the C-terminal domain of the M. tuberculosis MgtC protein. This structure clearly indicates that M. tuberculosis MgtC_Cter is a monomeric ACT domain. Despite the low level of identity between C-terminal domains of MgtC proteins from other intracellular pathogens, our analysis indicates that they are predicted to adopt the same fold and conclusions described above for M. tuberculosis MgtC are likely to be suitable for other members of the family. In addition, the very few residues that are conserved in the MgtC family seem to have a structural role, suggesting a conservation constraint.
ACT domains are small modules (ϳ90 residue long) involved mainly in the binding of amino acids and in the regulation of various enzymatic activities related to amino acid metabolism (7, 13) . Few ACT domains have been proposed to bind other small ligands, such as metal cations. The present structure indicates that M. tuberculosis MgtC harbors a folded ACT domain but does not harbor an amino acid binding site. It also lacks metal binding properties due to the absence of conserved residues adequately positioned for chelation (Met, Cys, Asp, or Glu). Indeed, the only conserved cysteine is buried, and the solvent-accessible glutamates are dispensable (30) . In addition, domains with a ␤␣␤␤␣␤ fold, including ACT domains, have been involved in dimerization, and some modules appear to evolve in the protein interaction domain (1, 20) . Our biochemical analysis and bacterial two-hy- brid study supported a monomeric nature of the recombinant C-terminal domain, which contrasts with canonical ACT domains. Hence, the monomeric ACT domain of M. tuberculosis MgtC might have a regulatory role that would not bind amino acids or a small solute but rather would be involved in proteinprotein interactions. Bacterial two-hybrid experiments indicate a possible dimerization of the M. tuberculosis MgtC protein that requires both the N-terminal and C-terminal domains, each domain by itself being insufficient for dimerization. The fact that the C-terminal domain somehow facilitates MgtC dimerization may rely on a conformation observed only in the complete protein.
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